Determination of the mobilities for ordering transformation in Fe3Al has been attempted by comparing the rates of experimentally observed antiphase boundary (APB) migration with that simulated by a phase filed method (PFM). The simulated boundary mobility of D03-APB was sensitive to the ordering mobility. This allowed us to determine the ordering mobility for D03-LRO at 673 K to be 3 × 10 -11 m 3 ·J -1 ·s -1 . However, the simulated boundary mobility of B2-APB was insensitive to the value of ordering mobility, and therefore the ordering mobility for B2-LRO could not be determined. The difference is ascribed to solutedrag which was quite significant at B2-APB.
Introduction
Intermetallic compounds have been of great interest owing to their unusual mechanical properties which are beneficial for structural and functional materials. 1) Recently, it is being revealed that thermal antiphase boundaries (APBs) significantly affect the mechanical properties of some intermetallic compounds. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For instance, the yield stress of Ti 3 Al oriented for prism slip can be increased up to 6 times by introducing very fine antiphase domains (APDs) of approximately 30 nm average size. 2, 3) It has been known that APD size in Fe 3 Al affects the tensile properties. 4) More recently, it has been found that fine-scale APDs in Fe 3 Al and Fe 3 Ga can give rise to pseudo-elasticity. [5] [6] [7] [8] [9] [10] [11] Because these properties depend on the density of APBs, or size of APDs, it is important to control APD size appropriately for optimization of mechanical properties. The kinetics of APB migration is crucial not only for controlling the density and distribution of APBs but also for predicting thermal stability of APBs which is important for using APB-containing materials at elevated temperatures.
Phase-field simulation has become a powerful method for simulating microstructural evolution because of its ability to reproduce complicated morphologies. 12, 13) However, in order to apply a phase-field method to the prediction of microstructural evolution in real-time scale, some problems have to be solved. Generally, phase-field simulation is conducted by solving the Cahn-Hilliard equation 14) and the Allen-Cahn equation 15) for evolving fields of concentration and order parameters such as long-range order (LRO), respectively. Each equation involves kinetic parameters which determine the rate of microstructural evolution. For many binary alloy systems, diffusivity data are available, and the kinetic parameter for the Cahn-Hilliard equation can be derived from the diffusivity data. However, kinetic parameters for ordering transformation are unavailable for most cases. Sometimes such parameters were determined by fitting simulation results to experimental results. However, such an approach is problematic when the kinetics of microstructural evolution is affected by interfacial segregation. For instance, segregation of solute atoms on APBs 16) may cause solute-drag and decrease the apparent mobility of APBs. Furthermore, it was observed that voids were formed along thermal APBs in CuZn. 17) This implies that vacancies segregate at APBs and may accelerate boundary migration by enhancing atomic rearrangements required for the boundary migration. If the effects of segregation are significant, it is problematic to determine the kinetic parameters by fitting simulated boundary mobility results to experimentally measured ones. To shed light on the effects of vacancy segregation, we developed a phase-field model in which local vacancy concentration was taken into account, 18, 19) and found that the migration of APBs in Fe 3 Al were affected by solute and vacancy segregation. 19) However, the boundary mobility evaluated by the simulation was still much lower than that evaluated by in-situ TEM observation of shrinking circular APB. 20) One possible reason for the discrepancy between the simulated and that measured experimentally mobility 19) is the inaccuracy or inappropriateness of the ordering mobility used in the simulation. In the previous study, we derived the ordering mobility tentatively from the © 2012 ISIJ experimental data of order-order relaxation in the literature 21) by conducting phase-field simulations of orderorder relaxation using various assumed values of ordering mobilities, and finding the value of ordering mobility which leads to a good agreement between the simulation and the experimental measurement. In this study, the mobilities for ordering transformation in Fe3Al are evaluated by finding a value of ordering mobility which leads to a good agreement between the rate of simulated APB migration and that of experimentally measured APB migration.
Method

Phase-filed Model of Fe3Al
Since the details of the phase-field model we developed are available in the previous papers, 18, 19) only the characteristics of our model are briefly described here. The model is based on the Bragg-Williams model. First, we defined four sublattices and described B2-LRO (ηΒ2) and D03-LRO (ηD03) using the probabilities of finding an Al-atom in each sublattice. For calculating the probability of finding Al-atom, the site fraction of Al-atoms instead of Al-concentration was used taking into account the vacancies. The probability of finding a vacancy was defined as a function of B2-LRO for reproducing the experimental fact that vacancies preferentially occupy Fe-sites in the nearest neighbor of Al-atom in D03-type ordered structure. 23) Internal energy was calculated by using two-body interaction energies given in the literature. 20) The configuration entropy for vacancies was added to the entropy term, and the product of vacancy formation enthalpy and vacancy concentration was added to the enthalpy term.
For calculating the energy of non-uniform systems containing interfaces, gradient-energy coefficients which determine the interfacial energy, are required. We derived gradient-energy coefficients in the context of the BraggWilliams model.
18) The gradient-energies for Al-concentration (cAl) and vacancy concentration (cv) were neglected because their contributions to the total free energy were negligibly small compared to those for LRO parameters.
The fields of order parameters were evolved by solving one Cahn-Hilliard equation for cAl and two Allen-Cahn equations for ηB2 and ηD03 simultaneously. Although we used kinetic parameters derived from the experimental data for temporal relaxation of order parameter in the previous study, 21) we used in this study different assumed values of ordering mobility to find a value which leads to a good agreement between the simulation and the experiment. The mobility of solute Al-atom was derived from an experimental data of interdiffusion. 22) The cv-field was evolved so that the diffusion potential for vacancies was uniform throughout the simulation cell assuming that the mobility of vacancies was much larger than those of constituent atoms. In order to take into account the effects of heterogeneity in vacancy distribution, the kinetic parameters were assumed to be proportional to the local value of cv considering that atomic rearrangements become faster with increasing cv.
Conditions for Simulation of APB Migration
The composition of Fe3Al was assumed to be Fe-26 at%Al which is identical to that used in the in-situ TEM observation experiment. 20) We generated circular APBs of 11.2 nm radius having an initial segregation atmosphere identical to that of equilibrated planar APBs. 18 ) Shrinking behaviors of D03-APB (phase-shift vector R = a/2<100>) and B2-APB (R = a/4<111>) were examined at 673 K and 873 K respectively. The simulations were conducted by using some different values of ordering mobility for each LRO type in order to determine the value that gives good agreement between the simulated boundary mobility and experimentally evaluated one. In the previous study, 19 (2) where R is the gas constant and T is the temperature. The pre-exponential factors were determined by fitting the simulation result of order-order relaxation to experimental data in a literature, 24) and the activation energy of 193 kJ·mol -1 was employed from the same source. In the present study, the difference between the simulated and the experimental boundary mobilities were roughly approximated to be larger than those used in the previous study by a factor of 5-25 and 50-100 for D03-APB and B2-APB, respectively. Based on this, we performed simulations using these ranges of mobilities, as listed in Table 1 . The migration of D03-APB at 673 K was simulated under the conditions where ordering mobilities for D03-LRO was assumed to be given by multiplying 5, 10 or 25 to that used in the previous study while the ordering mobility for B2-LRO was fixed to that used in the previous study. The value of ordering mobility for B2-LRO does not affect the simulation result of D03-APB because B2-LRO scarcely changes during the migration of D03-APB. The migration of B2-APB at 873 K was simulated under the conditions where ordering mobility for B2-LRO was assumed to be given by multiplying 50 or 100 to that used in the previous study while the ordering mobility for D03-LRO was fixed to that used in the previous study. The value of ordering mobility for D03-LRO does not affect the simulation result of B2-APB at 873 K because D03-LRO is uniformly zero at 873 K. The conditions are designated for instance, as "Case B2-100" where the ordering mobility for B2-LRO is assumed to be 100 times larger than that used in the previous study. 3. Results Figure 1 shows the profiles of B2-LRO ( Fig. 1(a) ), D03-LRO ( Fig. 1(b) ), Al-concentration ( Fig. 1(c) ) and vacancy concentration ( Fig. 1(d) ) across a D03-APB and a B2-APB equilibrated at 673 K and 873 K, respectively. Prominent Al-depletion and vacancy segregations are seen at B2-APB whereas no segregation is observed at D03-APB. For the 2D simulation of APB migration, circular APBs having segregation atmospheres identical to those formed at the planar APBs were used. Figure 2 presents the snapshots of the simulated circular D03-APB (Figs. 2(a)-2(c) ) and B2-APB (Figs. 2(d)-2(f) ) shrinking at 673 K and 873 K, respectively. The snapshots of D03-APBs were taken at 0.6 ks ( Fig. 2(a) ), 1.2 ks (Fig.  2(b) ) and 2.4 ks (Fig. 2(c) ) of case D03-25, and those of B2-APBs were taken at 0.5 s (Fig. 2(d) ), 1.0 s (Fig. 2(e) ) and 1.5 s (Fig. 2(f) ) of Case B2-100. No significant change other than the radius decrease is observed for D03-APB and B2-APB. Figure 3(a) shows the radius change for D03-APB at 673 K. The radii decreased rapidly from the beginning of the simulation. The radius decreased faster with increasing ordering mobility used in the simulation. Boundary mobilities evaluated from these radius changes are plotted as a function of APD radius in Fig. 3(b) . The boundary mobilities are constant except at the beginning and the end of APB migration in all the cases examined. The constant values are very close to the corresponding intrinsic boundary mobilities, which are given by 2κα 15) where α is the ordering mobility and κ is the gradient energy coefficient used in the simulation, as indicated by horizontal lines. Figure 4 (a) compares the changes in the radii of B2-APBs at 873 K. The radii decreased with time following parabolic curves for all the cases. In contrast to the case of D03-APB, the results for the two different ordering mobilities are almost the same although the used ordering mobilities are different by a factor of 2 or more. The boundary mobilities evaluated from these radius changes are plotted against APB radius in Fig. 4(b) . The boundary mobilities are not constant but relatively stable for the period where APB radius (r) is about 5-10 nm. The values of the boundary mobilities are independent of the ordering mobility used in the simulation indicating that the boundary mobility is not governed by the ordering mobility but by the solute mobility due to the solute drag. Figure 5 shows the profiles of ηB2 (Fig. 5(a) ), cAl (Fig. 5(b) ) and cv (Fig. 5(c) ) at the moments Figure 6 compares the boundary mobilities evaluated from the simulation result with those experimentally measured. The boundary mobilities are plotted against temperature. Figures 6 (a) and 6(b) are for D03-APB and for B2-APB, respectively.
Discussion
The boundary mobilities of D03-APB ( Fig. 6(a) ) evaluated in the previous study (black triangles) were smaller than those experimentally measured by in-situ TEM (brown solid circles) by a factor of approximately . The boundary mobility of D03-APB simulated for 673 K in the present study by using the ordering mobility 25 times larger than that used in the previous study (i.e. case D03-25 in Table 1) is relatively close to that predicted by extrapolating the temperature dependence of the experimental boundary mobilities (light-brown dotted line). The use of smaller ordering mobilites resulted in smaller boundary mobilities which was proportional to the ordering mobility used. This means that the boundary mobility of D03-APB is governed by the ordering mobility. Therefore, the ordering mobility for D03-LRO at 673 K can be determined to be approximately 3 × 10 -11 m 3 ·J -1 ·s -1 . The boundary mobilities of B2-APB (Fig. 6(b) ) simulated in our previous study 19) (black solid triangles) by using the ordering mobilities evaluated from the order-order relaxation experiment 21) were smaller than those evaluated from the experimental data of in-situ TEM (brown solid circle) by a factor of approximately 50-100. The boundary mobilities of B2-APB simulated in the present study using a 100 times larger ordering mobility (i.e. Case B2-100, blue solid circle) are relatively close to the interpolation of experimental values. But they are still much smaller than those given simply by multiplying 100 to those obtained in the previous study. This is because the boundary mobilities of B2-APB for these cases are governed by the mobility of solute atoms due to the strong solute drag as mentioned above. Furthermore, the simulation result obtained by using the ordering mobility 50 times larger than that used in the previous study (i.e. Case B2-50, light blue solid square) is almost same as that for Case B2-100. Therefore, we cannot determine the exact value of ordering mobility. We can extract the ordering mobility only very roughly by comparing the experimental boundary mobility and simulated boundary mobility when the boundary mobility is strongly affected by solute drag.
Thus, it is crucial to take into account the effect of solute drag for evaluating the ordering mobility from experimentally measured boundary mobility. Evaluation of ordering mobility from the boundary mobility without taking into account the effect of solute drag may result in highly underestimated value of ordering mobility. Therefore, it is recommended to choose a composition for which no solute drag occurs like Fe-26 at%Al for D03-APB as a first step for evaluating the ordering mobility from the experimentally measured boundary mobility. Then, the ordering mobility for the composition where solute-drag is remarkable should be estimated from the composition dependence of tracerdiffusivity or other mobility data which are not affected by solute-drag. A study for examining the validity of such an approach is needed and will be conducted in the near future.
Concluding Remarks
Extraction of ordering mobility was attempted by comparing the boundary mobilities of APBs simulated by phasefield method with that experimentally measured. Important findings of the present study are:
(1) The ordering mobility of D03-APB in Fe-26 at%Al at 673 K can be determined to be 3 × 10 -11 m 3 ·J -1 ·s -1 by adjusting the value of ordering mobility so that the simulated boundary mobility fits an experimentally measured boundary mobility.
(2) However, the ordering mobility of B2-APB at 873 K could be extracted only very roughly to be orders of magnitude larger than that estimated in the previous study from the order-order relaxation experiment. The difficulty of determining exact value of ordering mobility is due to the fact that the boundary mobitity of B2-APB is largely affected by the solute molility because of the solute drag.
